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Introduction
Analysis of spatial patterns of plant disease in orchard crops can help shed light on the relative importance of different inoculum sources and potential mechanisms of dissemination within and among trees (6, 30, 33) . Most studies have focused on quantifying two-dimensional patterns of disease among trees (i.e., on an x-y plane), whereas the number of studies explicitly considering three-dimensional disease patterns within canopies (i.e., in an x-y-z cube) has been limited (2, 16, 28) . This is largely due to difficulties associated with accurately mapping and analyzing the hundreds or thousands of points that make up the structurally complex tree canopy. In a previous proof-of-concept study (7) , we utilized a magnetic digitizer to map different brown rot symptom types (blossom blight, shoot blight, and twig cankers) caused by Monilinia laxa in individual sour cherry (Prunus cerasus) canopies, and applied nearestneighbor-based, three-dimensional methods of spatial statistics to the resultant data points. This enabled us to determine the level of aggregation of different symptom types in the canopy as well as the degree of association of current year's symptoms with symptoms from previous year's infections. However, since the assessment and mapping in the pilot study were done at a single point in time, prior to the period of fruit maturation, it was not possible to analyze spatio-temporal disease development or to quantify spatial patterns of pre-harvest fruit rot, the most important symptom type, within the canopy. Based on these considerations, we designed a multi-year follow-up study on peach (Prunus persica) to monitor the within-canopy development of brown rot (caused by Monilinia fructicola) during the course of the season, with special emphasis on the pre-harvest fruit rot phase. Results from five trees monitored in detail during the 2009 growing season are presented herein.
The spatial analysis approach described above considers only phenotypic information, i.e., the location of each symptomatic element (e.g., brown rotaffected fruit) within the canopy. Deeper insight into disease progression may be obtained by including genotypic data about the fungal isolates associated with each symptom. Such information could then be subjected to spatial analysis to describe fine-scale genetic structure within and across canopies (29) . This requires isolation of the pathogen from each georeferenced symptomatic element, as well as the availability of suitable markers for quantifying fine-scale genetic structure of M. fructicola populations. Most previous studies of the population structure of Monilinia spp. in stone fruit orchards (6, 10, 11, 20, 26, 27) have utilized marker systems with low resolution (e.g., vegetative compatibility groups) or low reproducibility (e.g., RAPDs), hence there is a need to develop a new set of genetic markers for M. fructicola that are robust, have high resolution, and are co-dominant to potentially resolve heterokaryiotic isolates. Based on these considerations, a second objective of this study was to develop microsatellite markers for population genetics analysis in M. fructicola. Microsatellites are tandem repeated motifs (simple sequence repeats, SSRs) of 1 to 6 bases that are located in both coding and non-coding regions and occur with a high degree of length variation, likely due to slippage during DNA replication (22, 23) . The major drawback in using microsatellites is that they need to be isolated de novo in each species of interest. However, once developed, the procedure for analyzing and scoring individuals is relatively simple (23) .
The purpose of this paper is to report preliminary results of characterizing within-canopy spatial patterns of brown rot epidemics in peach during the preharvest fruit rot epidemic, and to describe a set of microsatellite markers developed for M. fructicola that can be used for fine-scale genetic analysis of pathogen populations within tree canopies.
Spatial Data Collection
The study was conducted from late March to September 2009 in a research peach orchard at the University of Georgia Horticulture Farm in Watkinsville, GA. The orchard was established in 2000 with six peach cultivars of varying maturity dates, planted in replicated four-tree plots. During the study, no fungicide applications to control brown rot were made, but foliar sprays of wettable sulfur were applied during the cover spray period to suppress peach scab (caused by Fusicladium carpophilum); measures for thinning and arthropod and weed management followed standard commercial practice (14) . Six trees were pre-selected at the beginning of the season for initial disease monitoring, and 10 additional trees were added in mid-season, prior to fruit rot development. The selection was based on criteria such as having characteristic canopy size (approximately 1.6 to 2.0 m high and 3.4 to 5.8 m wide) and a spherical to oblong canopy without major gaps, representing different maturity classes, and including trees with and without blossom blight symptoms in the spring. This set of 16 trees was purposefully larger than the number of trees that could be managed later in the season for detailed disease assessment, highresolution symptom mapping, and pathogen isolation from all symptomatic elements. As the season progressed, trees were eliminated from the monitoring based on factors such as lack of disease development, limb breakage, and bird or insect damage to fruit. This process of elimination resulted in a final set of five trees of different maturity groups and with varying levels of disease incidence at the end of the 2009 harvest season (Table 1) . x Arranged in order from earliest to latest-maturing cultivar.
y Trees were monitored for disease at 1-to 4-day intervals during the pre-harvest period, and data are summarized for two or three assessment periods for each tree to facilitate data presentation and analysis. z d represents the index of disease aggregation and is calculated based on the cumulative frequency distribution of nearest-neighbor distances among brown rot-affected fruit. Significant positive values (P ≤ 0.05, underlined) indicate aggregation, whereas significant negative values correspond to a more regular distribution compared with the random simulation.
At 3-to 10-day intervals from bloom through final fruit swell and then continuing at 1-to 4-day intervals until the tree-ripe stage of fruit development, trees were monitored visually for symptoms associated with M. fructicola infections, including blossom blight, twig blight, twig cankers, green fruit rot, and brown rot of mature fruit. When a new symptom was found, it was swabbed with a sterile cotton-tipped applicator to sample conidia, and a plastic tag was tied to the branch, proximal to the point where the symptomatic element originated. Each symptomatic element was given a unique identifier associated with the tag and the fungal isolate obtained. Thus, the location and approximate date of appearance of each symptom and corresponding isolate was known.
When fruit had reached commercial maturity, high-resolution threedimensional maps were made for each of the five trees using a FASTRAK 3Space magnetic digitizer (Polhemus, Colchester, VT) (24) . This device creates an electromagnetic field within which a stylus is used to obtain coordinates of objects relative to an emitter. The x, y, and z-coordinates of all tags (corresponding to symptomatic elements) were digitized using the stylus, as were all symptomatic and asymptomatic fruit for a total of up to 396 data points per tree. Having a record of the approximate date of appearance of each symptomatic element allowed the production of temporal maps of the symptoms present up to each assessment date (Fig. 1) . 
Spatial Pattern Analysis
Spatial patterns of aggregation of fruit affected by brown rot within the canopy were characterized based on the frequency distribution of nearestneighbor distances among symptoms in each tree (4, 21) , as in Everhart et al. (7) .
To obtain an appropriate random distribution of the same number of symptoms for comparison, the measured coordinates of all fruit (symptomatic + asymptomatic) served as an empty set of coordinates over which the symptomatic fruit were assigned randomly to generate 1000 Monte-Carlo simulations for each tree. The cumulative frequency distribution of the observed nearest-neighbor distances among affected fruit was compared with that of the simulations using a Kolmogorov-Smirnov test. If symptoms were more aggregated than when assigned randomly, the cumulative frequency distribution would be above the upper 95% confidence band for the simulations, whereas if data were regular it would fall below the lower confidence band. The test statistic d , the maximum vertical departure of the observed cumulative frequency distribution from that obtained for the simulations, was used as an index of aggregation (4) . A significant positive value of d indicates aggregation, whereas a significant negative value signifies uniformity. Cumulative frequency distributions of nearest-neighbor distances and the resultant d values were used to assess the magnitude and significance of deviation from randomness. All calculations were carried out in Matlab R2011b (Mathworks, Natick, MA).
Development of Microsatellite Markers
Microsatellite markers were developed following the general protocol of Glenn and Schable (12) . DNA from isolate MfLittle of M. fructicola (isolated from the UGA Horticulture Farm in 2008) was digested with Rsa I (New England Biolabs, Ipswich, MA), after which SuperSNX24 linkers (Forward 5'-GTTTAAGGCCTAGCTAGCAGCAGAATC and Reverse 5'-GATTCTGCTAGCTAGGCCTTAAACAAAA) were ligated at the ends, enabling enrichment via PCR. The resulting product was probed for microsatellite repeats (di-, tri-, and tetranucleotide repeats) using complementary biotinylated oligonucleotides ligated to strepavadin-coated magnetic beads (Dynabeads; Invitrogen, Carlsbad, CA), which enabled hybridization-capture of fragments with microsatellite repeats. The enriched/recovered DNA was subsequently incorporated into a cloning vector (TOPO TA kit; Invitrogen), which resulted in a library of 159 transformed E. coli colonies that was sequenced and yielded 58 unique microsatellite repeats.
Amplification primers were designed for 54 microsatellite repeats with suitable flanking sequence (8) . To enable indirect fluorescent labeling, primer pairs were synthesized with the addition of a CAG label (CAGTCGGGCGTCATCA added to the 5'-end of the shorter primer), and each PCR reaction included a HEX-labeled primer complementary to the CAG-label (3, 9) . In total, 40 microsatellite primers and 12 polymorphic microsatellite markers previously developed for Sclerotinia spp. (25, 32) , members of the same family as Monilinia spp., were synthesized and screened for amplification with a preliminary subset of seven isolates of M. fructicola (7O, 26-N14, D92-2C, W619H, AP16.04, BGA7.04, and SCDL21). All DNA extractions utilized aerial mycelium from 7-dayold cultures and were performed using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA). PCR reactions were mixed using hot-start Taq (JumpStart Taq; Sigma-Aldrich, St. Louis, MO) following the manufacturer's reaction specifications, scaled to 25 µL, and modified to contain a 1:10 ratio of CAGlabeled-primer to CAG label. PCR conditions utilized a touchdown treatment where 20 cycles from 60 to 50.5°C enabled a range of primer melting temperatures to be met, followed by 15 cycles to increase the number of amplicons (5). Specifically, thermocycle conditions consisted of an initial treatment at 95°C for 2.5 min; 20 cycles of 95°C for 20 sec, 60°C for 20 sec (decreased by 0.5°C for every cycle), and 72°C for 30 sec; followed by 15 cycles of 95°C for 20 sec, 50°C for 20 sec, and 72°C for 30 sec. A 1:10 dilution of amplicons was denatured and analyzed using capillary electrophoresis (3730xl DNA Analyzer; Applied Biosystems, Carlsbad, CA). From the 52 primer sets screened, six yielded amplification in all seven isolates, 11 required re-design of one or both primers to amplify the locus in all isolates, and 35 did not amplify sufficiently (including all those developed previously for Sclerotinia spp.). Ultimately, 17 functional primer sets were developed for preliminary polymorphism screening. To assess markers for polymorphisms, DNA was purified from a test set of 47 isolates of M. fructicola obtained from stone fruit production regions in middle Georgia, north Georgia, North Carolina, South Carolina, and Virginia (Table 2) . These isolates had been collected either from diseased fruit or blossoms of peach or plum (Prunus domestica) between 1982 and 2010. All 17 loci showed amplification, but one locus had more than 10% null alleles and was therefore excluded. Locus Mf-SEA and Mf-SEK yielded two and one null allele(s), but this was not considered sufficient for exclusion. Subsequent data analysis to examine the number of alleles per locus and haploid genetic diversity were performed using GenAlEx 6.4 (18, 19) . Using Multilocus 1.3b (1), we calculated the multilocus genotype saturation curve as well as the index of association, I (to test whether two individuals that are the same at one locus are more likely to be the same at another). Finally, the 16 microsatellite primers were screened against four isolates of M. laxa (ML15FC and ML11 from Italy, Holb2 from Hungary, and Quince2010 from Delaware) to determine their utility for population genetics analyses in this closely related species. However, none of the primer pairs sufficiently cross-amplified to warrant further development for M. laxa (data not shown).
Spatio-Temporal Patterns Within the Tree Canopy
The first brown rot symptoms on ripening fruit were observed 10 to 37 days before commercial maturity, with final fruit rot incidence (at the tree-ripe stage of fruit development) reaching between 30.2 and 58.2% (Table 1) . Spatial coordinates of symptomatic and asymptomatic fruit were readily collected with the magnetic digitizer ( Fig. 1) , whereby a single mapping of an individual tree (having 126 to 396 fruit total) required between 2 and 4 hours by a two-person team. Median nearest-neighbor distances, calculated from the spatial coordinates of each fruit, ranged from 5.7 to 14.7 cm among all fruit and 11.8 to 20.6 cm among symptomatic fruit at the time of digitization (Fig. 2) .
A Table 2 . Primer details, core sequences, allelic properties, and gene diversity (h) of 16 polymorphic PCR-based microsatellite markers developed for Monilinia fructicola and evaluated in a test population of 47 isolates.
x Test populations were obtained from stone fruit production regions in middle Georgia (n = 14 isolates); north Georgia (n = 21); and North Carolina, South Carolina, and Virginia (n = 12). Fig. 2 . Distributions of nearest-neighbor distances among all fruit (A) and among brown rot-affected fruit at the end of the epidemic (B) in five intensively mapped peach tree canopies.
For determining aggregation patterns of symptomatic fruit, epidemics were divided into two or three phases for each tree, corresponding to early, middle, and late assessment periods during the pre-harvest brown rot epidemic; the middle phase was not included for all trees (Table 1) , especially where the overall duration of the epidemic was short. It is important to note that 'early' in this context does not necessarily correspond to low disease incidence, particularly for the later-maturing trees where disease onset occurred very rapidly and reached high incidence levels within a short period (e.g., Flameprince trees 45 and 120 in Table 1 ). Results showed that the index of aggregation, d , was negatively correlated with the number of diseased fruit across all trees and phases (Fig. 3) , i.e., aggregation was greatest when the number of diseased fruit was lowest. However, only the largest of the d values (>0.25) were significantly different from zero. Overall, three of the five trees had random patters of pre-harvest brown rot during all assessment phases, one tree had a significantly aggregated pattern of disease during all phases, and one tree had a pattern of diseased fruit that changed from significantly aggregated during the early phase to random during the mid and late season of the epidemic (Table 1) . Table 1 . Data points in red correspond to the early-maturing cultivar Redglobe 7, which suffered some bird damage to fruit.
One tree that deviated somewhat from the pattern of increased aggregation associated with lower disease incidence was Redglobe 7 (Table 1) . This earlymaturing tree suffered some damage from crows (Corvus brachyrhynchos) during the ripening phase, requiring bird netting to protect the tree. Despite these efforts, we cannot exclude the possibility that bird damage influenced the spatial pattern of disease in this tree, possibly leading to lower d values at low incidence levels (Fig. 3) . Indeed, when the data from Redglobe 7 were omitted from the correlation analysis shown in Fig. 3 , r improved from −0.827 to −0.908 and P from 0.0009 to 0.0007. Overall, these results support the notion that aggregation of disease is more pronounced with fewer inoculum sources (earlier in the pre-harvest season and/or fewer diseased fruit). That is not to say that trees with more inoculum sources lack spatial structure, but that aggregation is likely obscured by multiple, overlapping disease distributions within the same tree.
Preliminary Evaluation of Microsatellite Markers
Sixteen of the 40 primer sets evaluated consistently amplified polymorphic microsatellite regions in the test population of 47 M. fructicola isolates, with amplicons ranging from 91 to 270 bp in length (Table 2) . Although previous cytological studies have shown that fungi in the genus Monilinia are multinucleate (~5 to 10 nuclei per conidium) (13, 15, 31) , only one peak was detected for each locus, which is consistent with the haploid-monokaryotic state of other fungi in the Sclerotinaceae (17, 25, 32) . The number of alleles per locus ranged from 2 to 16, with an average of 9 alleles per locus. With the exception of w w w locus Mf_G6H6 for the isolates from middle Georgia, all primer pairs yielded more than one locus per region. The haploid genetic diversity at each locus was 0.519 to 0.905, with an average of 0.724.
Combining banding profiles across loci for each individual showed that none of the isolates produced an identical multilocus genotype. The index of association was not significant (I = 0.086, P = 0.108), indicating no multilocus linkage disequilibrium. As an indication of resolving power of these microsatellite markers, 95% of the multilocus genotypes were resolved with the use of 7 loci, and 99% of genotypes were resolved with 13 loci (Fig. 4) . Thus, use of all 16 polymorphic microsatellite markers should be suitable for differentiating multilocus genotypes at a fine-scale. 
Conclusions
The approach presented here, although preliminary with respect to the oneyear data set used for illustration, provides a firm foundation for future research on canopy disease dynamics, particularly with respect to the production and analysis of high-resolution canopy disease maps. Our results showed that the relative degree of aggregation of affected fruit decreased with increasing numbers of diseased fruit. This demonstrates that two-dimensional paradigms in spatial epidemics translate to three-dimensional coordinate systems. Further interpretation of the disease patterns observed in this study will be possible through population genetics analyses of the associated pathogen isolates, for which the set of 16 microsatellites developed and characterized herein provides the necessary foundation. These markers will be used to genotype ~700 isolates collected from diseased fruit or blossoms from canopies monitored between 2009 and 2011, representing all infections within each tree during the entire season. Three-dimensional spatial autocorrelation of multilocus genotypes (29) can then be applied to characterize the fine-scale spatial genetic structure of M. fructicola populations within trees, helping to shed light on within-tree inoculums sources and the relative contribution of sexual vs. asexual modes of pathogen reproduction during the growing season.
